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Abstract: Hepatocellular carcinoma (HCC) is one of the most lethal cancers in the world. Its etiology includes chronic 
liver disease, viral hepatitis, alcoholism, and hepatic cirrhosis. Both oxidative stress and inflammatory mechanisms have 
been implicated in HCC pathophysiology. Surgical resection and liver transplants are currently used to treat HCC. 
Consequently, there exists a decisive requirement to explore possible alternative chemopreventive and therapeutic 
strategies for HCC. The use of dietary antioxidants and micronutrients has been proposed as a useful means for the HCC 
management.  

Trace elements such as selenium are involved in several major metabolic pathways as well as antioxidant defense 
systems. In particular, selenium is an important oligo-element that plays a central role in cellular redox processes even if 
the amount necessary for the cell functions is in a very narrow range. However, selenium is involved in the prevention of 
numerous chronic diseases and cancers.  

This review will examine the potential role of selenium in HCC prevention and treatment and, in detail, focus on: i) 
description of selenium in biological systems and in mammalian proteins, ii) involvement of selenium in HCC, iii) in vivo
and in vitro effects of selenium in preclinical models of HCC and iv) potential challenges involved in the selenium use in 
the prevention and treatment of HCC. 
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INTRODUCTION 

 Yearly 550000 people worldwide die from HCC, with a 
2:1 ratio for men versus women. It is a major health problem 
worldwide being the fifth most common malignancy in men 
and the eighth in women, and also the third most common 
cause of cancer-related death in the world [1]. Its incidence 
is increasing dramatically, with marked variations among 
geographic areas [2], racial and ethnic groups, environmental 
risk factors [3,4]. The estimated annual number of HCC 
cases exceeds 700000, with a mean annual incidence of 3-
4% [2]. Most HCC cases (>80%) occur in either sub-Saharan 
Africa or in Eastern Asia (China alone accounts for more 
than 50% of the world’s cases) [2]. In the United States (US) 
HCC incidence is lower than other countries even if there 
has been a significant and alarming increase in the incidence 
of HCC in the US, from 1.3 in the late 70s’ to 3 in the late 
90s’, due to Hepatitis C virus (HCV) infection. In 2008, 
21370 new cases of HCC and intrahepatic bile duct cancer 
were estimated with 18410 deaths [2]. In Europe, Oceania 
and America, chronic HCV and cirrhosis are the main risk 
factors for HCC. Among patients with HCV and cirrhosis, 
the annual incidence rate of HCC ranges between 1-8%, and 
is higher in Japan (4-8%) intermediate in Italy (2-4%) and 
lower in US (1.4%) [5]. Mortality analysis for HCC in 
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Europe confirmed large variability, with high rates in France 
and Italy due to HCV [6]. However, Southern Italy has the 
highest rates of HCC in Europe [7].  

 HCC is unique among cancers occurring mostly in 
patients with chronic liver inflammation and cirrhosis [2]. In 
particular, hepatitis B (HBV) and C (HCV) viruses are the 
major cause of liver disease worldwide. About 80% of newly 
infected patients develop chronic infection. Moreover, 10% - 
20% of these patients will develop cirrhosis and, then, 1-5% 
will proceed to end-stage liver cancer over a period of 20 - 
30 years. In HCV patients, HCC is observed always as a 
complication of cirrhosis, whereas it is found in non-
cirrhotic patients in the case of HBV [8]. 

 HCC treatment is challenging since it is largely 
refractory to chemotherapy. Thus, HCC prevention might 
represent the best opportunity to reduce the worldwide 
burden of this cancer. Although HBV vaccination will 
reduce the number of individuals at risk for HCC 
development, a tremendous number of people are currently 
at elevated risk for HCC due to HCV-correlated chronic 
hepatitis and cirrhosis. This population with known risk 
factors has to be monitored on a regular basis to detect early 
cancerous lesions. HCC detection and diagnosis at an early 
stage may significantly improve the patients survival. Hence, 
there is also an obvious critical need to develop alternative 
strategies to prevent HCC development. In fact, HCC 
chemoprevention may be useful to develop new preventive 
strategies and to reduce the inflammation process [8]. 
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 Both oxidative stress and inflammatory mechanisms have 
been implicated in HCC pathophysiology. The use of dietary 
antioxidants and micronutrients has been proposed as an 
effective means for HCC management. Trace elements such 
as vanadium and selenium are involved in several major 
metabolic pathways as well as antioxidant defense systems. 
Selenium has been shown to be involved in the prevention of 
numerous chronic illnesses such as several specific cancers 
and neurodegenerative diseases [9]. Therefore, in this review 
we examine its potential role in HCC prevention and 
treatment. 

SELENIUM BIOAVAILABILITY 

 Selenium is an important oligo-element and has been 
shown to play a central role in cellular redox processes. The 
selenium amount necessary for the cellular functions is in a 
very narrow range. It is reported that the selenium lack tends 
to suppress the expression of various enzymes and leads to 
cell abnormality and diseases. However, high concentrations 
of free selenium are toxic to the cell because it adversely 
affects numerous cell metabolic pathways [10]. 

 On the basis of the Dietary Reference Allowances (RDA) 
developed by the Institute of Medicine, the recommended 
daily amount of selenium is 55 �g for adults. The RDA is 
based on the amount of dietary selenium required to 
maximize the activity of the antioxidant enzyme glutathione 
peroxidase in plasma. However, the dietary intake can vary 
in basis to the diet and geographic location [11]. A tolerable 
upper intake level (UL) for selenium is 400 �g per day for 
adults to prevent the risk of developing selenosis. UL 
includes selenium obtained from food and supplements. 
Selenium toxicity can occur at doses of 600 - 750 �g. Early 
signs of selenium toxicity include fatigue, irritability and dry 
hair. Other symptoms of excess intake include dental caries 
in children, hair loss, skin depigmentation, abnormal nails, 
vomiting, nervous system problems, and bad breath [12]. 

 Selenium is stored in the tissues in varying density: 30 
percent of tissue selenium is in the liver, 15 percent in the 

kidney, 30 percent in muscle, 10 percent in the plasma, and 
the remaining 15 percent throughout other organs. Trace 
quantities of selenium have been found to be present in 
several dietary agents such as milk, meat products, poultry, 
fish, fruits, vegetables and cereals. Brazil nuts happen to be a 
very rich dietary source of selenium [13]. Selenium enters 
the food chain through the plants as it is present in the soil. 
However, there exists a considerable variation in the 
selenium amount consumed in the diet due to differences in 
selenium soil content in diverse regions of the world.  

 Selenium occurs naturally in plants as selenomethionine, 
Se-methylselenomethionine, selenocysteine (Sec), and 
selenocystine. Selenite (commercially available as sodium 
selenite) is greater than 80% bioavailable whereas 
selenomethionine or selenate can be greater than 90% 
bioavailable. In particular, selenomethionine is the major 
organic seleno-compound in cereal grains, grassland 
legumes, and soybeans [14]. Selenomethionine competes 
with methionine for absorption on the gut surface, and is 
incorporated and stored in body proteins containing 
methionine (Fig. 1) [15]. It may also be converted through 
transulfuration to selenocysteine and degraded to hydrogen 
selenide via the beta-lyase enzyme. Moreover, selenite is 
also metabolized to hydrogen selenide via a pathway in 
which it is complexed with glutathione. Hydrogen selenide 
acts as a precursor for selenoprotein synthesis and represents 
also the excreted selenium form; in fact it is methylated and 
excreted through urine and breath. More than 90% of animal 
chemoprevention studies have used either sodium selenite or 
selenomethionine as the test agent [16]. Other methylated 
selenium compounds, found in plants and in the metabolic 
breakdown of sodium selenide in humans, are indicated as 
responsible for the chemopreventive effect of selenium [15].  

HUMAN SELENOPROTEINS 

 25 different human selenoproteins are known and have 
different tissue distribution and subcellular localization. The 
most important families are the glutathione peroxidises 

Fig. (1). Selenium metabolism. 
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(GPxs), the iodothyronine deiodinases (DIOs) and the 
thioredoxin reductases (TrxRs). In details the selenoproteins 
can be classified into two groups according to the location of 
Sec [17]. In fact, the first group, consisting of TrxRs and 
selenoproteins S, R, O, I and K, has Sec in a site to the C 
terminus of protein whereas the second one (GPxs, DIOs and 
selenoproteins H, M, N, T, V and W, SPS2 and Sep15) has 
Sec in the N-terminal part [18].

 The selenoproteins belonging to the GPx family use 
glutathione (GSH) to catalyze the reduction of hydrogen 
peroxide to water and the reduction of phospholipid 
peroxides to their corresponding alcohols [19]. In particular, 
the catalytic redox cycle of GPxs involves the Sec oxidation 
to seleninic acid by the hydrogen peroxide and organic 
hydroperoxides and its reduction to the selenolate anion form 
by the GSH system (Fig. 2). There are five different GPxs. 
GPx1 is expressed in the cytoplasm of all mammalian 
tissues, and plays an important role in protecting cells 
against oxidative stress [20]. Some studies showed that its 
expression decreased in breast cancer models [21], and its 
activity increased in malignant human lung tissue compared 
to nonmalignant tissue [22]. GPx2 is mainly expressed in the 
whole gastrointestinal tract [23], protects intestinal 
epithelium from oxidative stress induced by ingested 
prooxidants and gut microbial [24] and has a protective role 
against several types of cancer [25]. GPx3 shows a role in 
modulating nitric oxide (NO) concentration [26, 27]. GPx4 is 
involved in protection of lipid peroxides in membranes [28] 
and plays also a role in lipid metabolism and 
spermatogenesis [29]. Finally, GPx6 is probably involved in 
the cell protection by oxidative stress but further studies are 
available. The structures for all human GPxs are reported by 
crystallographic studies and show the typical structure motif 
of the thioredoxin fold, which consists mainly of a central 
beta-sheet and several flanking alpha-helices [30]. Sec 

residue and its neighboring residues are located in a surface 
pocket. In particular, this residue is located at the bottom of 
the pocket composed by residues in loops connecting alpha-
helices and beta-strands.  

 TrxRs are oxidoreductases that catalyze the NADPH-
dependent reduction of the redox protein Trx [31], as well as 
of other endogenous and exogenous compounds including 
lipoic acid [32], lipid hydroperoxides [33], the cytotoxic 
peptide NK-lysin [34], vitamin K3 [35], dehydroascorbic 
acid [36], the ascorbyl free radical [37] and the tumor-
suppressor protein p53 [38]. The proposed mechanism of 
TrxR-dependent reduction involves electron transfer from 
NADPH to FAD via the N-terminal active site of one subunit 
of the Cys-Sec selenylsulfide bond within the C-terminal 
active site of the opposite subunit and finally to the substrate 
Trx (see Fig. 2). However, there are three forms of 
mammalian TrxRs: cytoplasmic/nuclear TrxR1 [39] and 
mitochondrial TrxR2, distributed in a variety of tissues [40], 
and testes-specific thioredoxin-glutathione reductase (also 
called Txnrd3, TR2, TxnR3, or TGR) [41]. 

 It is reported that Trx1 is over-expressed in many human 
cancers such as melanomas, thyroid, breast, and prostate and 
colorectal carcinomas [42]. In 2007 the structure of human 
TrxR1 was obtained in complex with FAD and NADP+ and 
is composed by three domains of alpha-beta fold. Sec residue 
is located in C-terminal active site being essential for 
catalysis. In particular, the redox center is on a flexible arm, 
that is solvent-exposed and reactive, and, thus, represents a 
target for antitumor drug development [43]. During the 
catalysis this C terminal arm acts as an electron shuttle 
between the buried N-terminal dithiol and the substrate and, 
for this reason, it can adopt different conformations, one near 
the N-terminal redox site to pick up electrons, and another 
one at the surface of the enzyme to donate the electrons to 

Fig. (2). Proposed mechanisms of some mammalian selenoproteins: A) glutathione peroxidises (GPxs), B) thioredoxin reductases (TrxRs) 
and C) iodothyronine deiodinases (DIOs). 

����

���

�%#

�%# �%#

�
�

��#

��#

�
�

&""����

&"�

� ��

 �� "� �� ���

�����"

!'�%������

!'�% � ('���

('�

��
�����#
�����$�	��

��� ������

��� ��� �

%��	�
������

%��	�
�������

��

�)����� ��

"#
�
*��
���$�	�	

&��$���
���$�	�	

��� �+

'

,

�

�



602 Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 7 Costantini et al. 

the substrate. In fact, Fritz-Wolf et al. (2007) captured 
different conformations for the last six amino acid residues 
(QAGCCG) [56].

 DIOs represent a family of selenium-containing enzymes 
involved in the activation or deactivation of thyroid 
hormones [44]. There are three types of enzymes: DI is 
found in the liver and kidney and can deiodinate both rings, 
DII can deiodinate only the outer ring of the prohormone 
thyroxine in the heart, skeletal muscle, fat and thyroid, and 
DIII is found in the fetal tissue and the placenta, can 
deiodinate only the inner ring of thyroxine (T4) or 
triiodothyronine (T3) and is the major inactivating enzyme 
[45]. The proposed deiodination mechanism of DIOs is 
involved in the generation of theoxidized DIO-Se 
intermediate that is then reduced by thiol-containing 
reductants and releases iodide (Fig. 2)

HUMAN SELENIUM BINDING PROTEINS  

 Among selenoproteins we find the selenium as Sec 
incorporated into the polypeptide backbone even if recent 
evidence supports the existence of other selenium-containing 
proteins with different selenium chemistry. This last group is 
generally referred as ‘‘selenium binding proteins” [46]. Two 
selenium-binding proteins in which the selenium moiety is 
externally bound to the polypeptide have been identified in 
mammals: a 14-kDa protein (SLP-14) [47] and a 56-kDa 
protein (SLP-56, SBP56, hSP56, and selenium-binding 
protein 1 (SELENBP1 or SBP1) [48]. Moreover, a second 
56-kDa protein almost identical at cDNA and protein level to 
SP56, but encoded by a different gene, was subsequently 
identified and named SELENBP2 [49]. SELENBP1 is 
implicated to play a role in toxification/detoxification 
processes, cell-growth regulation, intra-Golgi protein 
transport, aging, and lipid metabolism. Since no atomic level 
structural data is available for SELENBP1, its three-
dimensional structure has been recently modeled by 
computational methods [50]. Its model shows an alpha-beta 
structure characterized by 4 short alpha-helices, one 310 helix 
(residues 207-210) and 30 antiparallel beta-strands, and is 
stabilized by two disulfide bonds (Cys80–Cys141 and 
Cys83–Cys466) (Fig. 3). These structural studies suggested 
also a functional involvement of Cys57 as the only cysteine 
in the protein able to bind the selenium [50]. 

 Interestingly, several papers have reported decreased 
expression levels of both SELENBP1 and SELENBP2 in 
tumors compared with normal tissue. In particular, reduced 
expression of SELENBP1 has been reported for prostate, 
lung, ovarian, thyroid, stomach, colorectal cancers, uterine 
leiomyoma, and esophageal adenocarcinoma [51-54]. 
Recently we have evaluated the expression of this protein 
also in tissue samples of HCC patients by common 
immunohistochemistry techniques [50]. Our evaluations 
highlighted that the gradual SELENBP1 loss was associated 
with an increased malignant grade and suggested that the 
evaluation of the SELENBP1 down-expression in liver 
tissues of HCC patients could to be a good prognostic tool 
for the disease progression. Certainly the storage of very 
large amount of these data in specialized archives, equipped 
with image analysis software, could allow rapid and precise 
prognosis of this disease [50]. Also, liver selenium 

concentrations were measured in tissue samples of patients 
with HCC by atomic absorption spectrometry. The obtained 
results showed that the selenium concentrations decreased 
when the malignant grade increased, and there was a 
significant correlation between selenium levels and human 
selenium binding protein-1 (SELENBP1) down-expression 
in the liver (manuscript in preparation). 

 All these observations not only provide an additional link 
between selenium and its anticancer properties, but suggest 
also that SELENBP1 and selenium levels could be used as a 
potential marker for cancer development. Therefore it is 
possible to hypothesize that selenium uptake may be used to 
prevent some cancers in which SELENBP1 is resulted down-
expressed [50-54]. In fact, several studies which include 
geographic, pre-clinical animal, prospective as well as 
intervention studies have implicated selenium in several 
gastrointestinal cancers, such as esophageal, colorectal, 
prostate as well as liver and have suggested its putative role 
in cancer as well as progression and subsequently metastasis 
prevention [50-54].  

Fig. (3). Ribbon diagram of human SELENBP1 model. Helices are 
shown in black and beta-strands in white.

INVOLVEMENT OF SELENIUM IN HCC 

 The role of trace element micronutrients in HCC has 
been the subject of many investigations [55, 56]. Some 
studies have reviewed the potential inverse relationship 
between selenium levels and HCC occurrence [57] and have 
shown that there is a significantly reduced activity of 
antioxidant enzymes such as glutathione peroxidases along 
with selenium deficiency in patients with HCC [58-59]. In a 
pioneering study, Yu et al. [60-61] highlighted that a 
significant inverse correlation between plasma selenium 
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levels and the occurrence of human HCC exists. In 
particular, they showed that selenium supplementation 
protected hepatitis B antigen carriers against development of 
HCC [60]. A subsequent trial conducted in China showed a 
50% selenium-induced reduction in HCC occurrence [62]. 
Therefore, the following sections review the selenium effects 
on the liver trascriptome and the preclinical in vitro and in
vivo studies investigating the selenium effects on HCC.

EFFECTS OF SELENIUM ON LIVER TRANSCRIP-
TOME  

 In 2007 Katzenellenbogen et al. published a study on the 
selenomethionine effects on HCC development in Mdr2 
knockout mice using cDNA microarrays containing probes 
for 240 genes that regulate responses to oxidative stress and 
inflammation or lipid metabolism [63]. Selenomethionine 
resulted to inhibit gene expression and to reverse up-
regulation of many genes that control inflammation or 
response to oxidative stress in the related livers at age 3 
months. This inhibitory effect on gene expression correlated 
with the ability of this agent to reduce the incidence of large 
tumors [63]. A recent study has examined also the influence 
of selenite and selenate on the differential expression of 
genes encoding non-selenoproteins in the rat liver using 
microarray technology [64]. Five groups of nine growing 
male rats were fed with a Se-deficient diet or diets 
supplemented with 0.20 or 1.0 mg of Se/kg as sodium 
selenite or sodium selenate for 8 weeks. Genes that were 
more than 2.5-fold up- or down-regulated by selenite or 
selenate compared with Se deficiency were selected. GPx1 
was up-regulated 5.5-fold by both Se compounds, whereas 
GPx4 was up-regulated by only 1.4-fold. Selenite and 
selenate down-regulated three phase II enzymes. The 
comparison of selenite- and selenate-regulated genes 
revealed that selenate may have additional functions in the 
liver protection, and that it may be more active in metabolic 
regulation [64].  

EFFECTS OF SELENIUM IN PRECLINICAL 
MODELS OF HCC 

 In the past years many studies on human hepatoma cells 
and on animal models of liver cancers showed the cytotoxic 
and antioxidant effects of selenium (Tables 1 and 2) [9].  

Table 1. In Vitro Studies of Selenium in HCC Cells 

References Mechanisms of action 

[65] GPx 

[66] apoptosis, NO 

[67] apoptosis, LDH, �GSH 

[68] apoptosis, LDH, �GSH 

[72] apoptosis 

[77] �MDA, �ROS, �LDH 

In Vitro Studies 

 Baker et al. investigated the biological effects of 
selenium and evidenced that selenium supplementation 

restored the GPx activity in human hepatoma cells 
maintained in selenium-deficient media [65]. In particular, 
the selenium treatment induced also a decrease of cell 
proliferation, production of cell death and apoptosis in 
various mammalian hepatoma cells. Liu et al. [66] showed 
that induced selenium decreased in mice H22 hepatoma cell 
proliferation was accompanied by an increase in nitric oxide.  

Fig. (4). Schematic illustration showing the metabolic reduction of 
MSeA and selenite with GSH. Different from selenite, MSeA is a 
precursor of methylselenol without the formation of hydrogen 
selenide and superoxide anion radicals.

 Studies by Shen et al. [67-68] evidenced that GSH was a 
selenite cofactor, facilitating selenite induced oxidative 
stress and apoptosis, and, also, an antioxidant that protects 
against selenite-mediated oxidative stress and apoptosis. 
However, both sodium selenite and methylseleninic acid-
induced cytotoxicity released lactate dehydrogenase (LDH) 
and produced a significant decrease in glutathione content in 
HepG2 hepatoma cells. In particular, methylseleninic acid 
(CH3SeOOH, MSeA) is a synthesized monomethylated 
selenium compound and is an excellent tool for the 
molecular mechanism studies of selenium in cell culture 
because it mimics the chemoprevention of monomethylated 
selenoamino acids [69]. As shown in Fig. 4, MSeA is a 
rather strong oxidizing agent able to readily react with 
reduced glutathione (GSH) to form methylselenol, a highly 
reactive compound responsible for the anticancer effect of 
methylated selenium compounds [70]. The metabolic 
pathway of MSeA in cells is found to be different respect to 
that of sodium selenite, because it reacts with GSH and leads 
to the production of selenodiglutathione, hydrogen selenide 
(H2Se), and superoxide anion radicals [71] (Fig. 4).  

 The antineoplastic properties of selenium compounds can 
be accomplished by either a decrease in cell proliferation or 
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an increase in apoptosis. Sodium selenite also produced a 
dose-dependent decrease in cell viability, cell proliferation 
and extensive vacuole formation in HepG2 cells [72]. Some 
authors have showed that hydrogen selenite was a regulatory 
point of selenium metabolism and proposed also 
mechanisms of selenite-induced apoptosis in HepG2 cells 
(Fig. 5) [73-75].  

 In particular, Celik et al. demonstrated that selenite 
induced cellular proliferation at low (<10 �M) 
concentrations and apoptosis at higher concentrations (�10 
�M) and that there was a relation between selenite 
concentration and apoptosis [72]. They found that a low 
selenite concentration (10 �M) had a higher apoptotic pattern 
than the high selenite concentration (25 �M). Accumulation 
of excessive hydrogen selenite can explain the mechanism 
and, hence, the formation of hydrogen selenite can be a 
bottleneck of selenium metabolism in the cells. In fact, 
selenite was metabolized to hydrogen selenite by several 
glutathione/NADPH reductions. Thus, selenite accumulation 
can block the selenite metabolism as a result of the 
methylation pathway, and the hydrogen selenite 
concentration can increase with augmented oxidative stress 
by reductive metabolism. Therefore, cell cycle checkpoint 
controls at the G1 to S transition and the G2 to M transition 
prevented the cell cycle progressing when DNA was 
damaged. The G2/M DNA damage checkpoint prevented the 

cell from entering mitosis (the M-phase). The cdk2-cyclin B 
kinase was pivotal in regulating this transition. On the other 
hand, the genes, that turned on by p53, constituted effectors 
cascade [76] and selenite inhibited caspase-3-like protease 
activity through a redox mechanism [74]. The increased rate 
of apoptosis can inhibit the cancer induction during the 
promotional phase and the related decrease in cdk2 kinase 
activity was accompanied by prolonged arrest in the S-phase 
[75]. The inhibitory effect of selenite on the cell cycle 
resulted in cell cycle arrest at the G2/M boundary, that was 
followed by apoptosis at selenite concentrations above 10 
�M. Some experiments showed that the percentage of 
G0/G1-phase cells of selenite groups were notably lower 
than that of the control group. These results pointed out that 
selenite can increase the cell transformation from the G0/G2 
phase to the S phase and the enrichment in the G2/M-phase 
in a concentration-dependent manner. These findings 
suggested that selenite can modulate cellular response 
through some common pathways involving both apoptotic 
and cell cycle regulatory pathways. 

 Finally Cuello and coworkers [77] showed the protective 
and antioxidant effects of selenium. In fact, the selenium 
pretreatment in HepG2 cells decreased the production of 
reactive oxygen species (ROS) as well as reduced the LDH 
release and also reduced levels of malondialdehyde (MDA), 
a marker for lipid peroxidation.

Fig. (5). Proposed mechanisms of selenite-induced apoptosis in HepG2 cells. 
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In Vivo Studies 

 Many studies have evidenced the selenium effects in 
preclinical animal models of HCC and reported three 
possible HCC models, i.e. genetic, xenograft and chemical 
models. 

Genetic Models 

 Popova showed that selenium decreased significantly the 
spontaneous liver tumorigenesis in CBA mice [78] whereas 
Novoselov et al. evidenced that selenium supplementation in 
the diet inhibited hepatocarcinogenesis and decreased cell 
proliferation in Myc transgenic mice, that developed liver 
cancer by 6 months of age [79]. This selenium-induced 
suppression of HCC was also accompanied by increase in 
apoptosis.  

 In a study conducted in 2007 the development of HCC in 
Mdr2 knockout mice was suppressed by selenomethionine 
and the related observed anticancer effects were 
accompanied by changes in expression of several genes 
involved in the regulation of inflammatory processes and 
oxidative stress mechanisms [80]. 

Xenograft Model 

 In 2007 Xu et al. investigated the anti-cancer properties 
of selenium and showed that green tea extracts enriched with 
selenium suppressed HCC in mice that were xenografted 
with human hepatoma HepG2 cells [81]. 

Chemical Models 

 Chemically-induced HCC remains one of the most used 
methods to study the biochemical mechanisms involved in 
the development of HCC and to elucidate the potential 
chemopreventive and therapeutic properties of several 
compounds. Many potent hepatocarcinogen were used as 
models for chemically-induced HCC, i.e. azo dye 3’-methyl 
4-dimethylaminoazobenzene, aflatoxin B1, azoxymethane, 
diethylnitrosamine, 2-Acetylaminoflurene, ciprofibrate, and 
N-Nitrosobis (2-Oxopropyl)Amine. 

 In 1977 Griffen and Jacobs demonstrated that 
supplementation by sodium selenite attenuated the azo dye 
3’-methyl 4-dimethylaminoazobenzene (3’-MeDAB)-
induced hepatocarcinogenesis and reduced tumor formation 
in rodents [82] whereas Daoud and Griffin evidenced that 
the selenium afforded protection when administered during 
the early stages 3’-MeDAB-induced hepatocarcinogenesis in 
rats [83]. Selenium-induced chemoprevention has also been 
studied in aflatoxin B1 (AFB1)-induced HCC in rodents. 
Milks et al. [84] showed that the selenium reduced the 
occurrence of gamma-glutamyl transpeptidase (GGT)-
positive foci during AFB1- induced hepatocellular 
carcinogenesis in rats. Lei et al. [85] have shown that sodium 
selenite supplementation significantly suppressed the AFB1-
induced initiation and promotion and produced a decrease in 
both the nodule and foci formation in rats. 

 Moreover, selenium pretreatment induced a significant 
protection against the formation of 8- 
hydroxydeoxyguanosine (8-OHdG), indicating its ability to 
ameliorate oxidative DNA damage in vivo [86]. In particular, 
an organic selenium compound, i.e. ebselen, attenuated both 

the area and mean density of GSTP positive foci induced by 
AFB1 in rats, the expression of liver alpha-fetoprotein and 
the formation of hepatic AFB1-DNA adduct as well as (8- 
OHdG) [87]. 

 In 1985 the effect of dietary pmethoxybenzylselenol was 
investigated on azoxymethane (AOM) induced 
hepatocarcinogenesis in rats. This compound resulted to 
inhibit the foci incidence, the tumor incidence and the 
multiplicity during AOM-induced hepatic neoplasia [88]. 

 Several studies demonstrated the chemopreventive 
effects of selenium in the 2- acetylaminoflurene (2-AAF) 
model. Le-Boeuf et al. showed that selenium 
supplementation caused a significant decrease of mean focal 
volume in the 2-AAF induced HCC in female rats [89]. 
Then, Mukherjee et al. evidenced that selenium-induced 
chemoprevention in the 2-AAF model was accompanied by 
increase in levels of antioxidant enzymes SOD and CAT and 
a decrease in GPx and GST levels [90]. 

 In 1990 the chemopreventive effect of selenium has also 
been studied in the ciprofibrate stress model in which this 
compound induced both tumor and foci formation in rodent 
liver. Chronic pretreatment with dietary selenium 
significantly attenuated this effect whereas selenium-induced 
chemoprevention was accompanied by a dramatic increase in 
glutathione content and GPx activity [91]. 

 In 2008 a study evidenced that sodium selenite 
suppressed the N-nitrosobis (2-oxopropyl)amine induced 
HCC in Syrian hamsters and the related chemopreventive 
effects were accompanied both by a parallel decrease in 
levels of liver enzymes (alanine transaminase (AST) and 
aspartate transaminase (ALT)) and by an increase in 
apoptosis and caspase-3 levels [92]. 

 One of the more used models of chemically-induced 
HCC is the two-stage model that is initiated with 
diethylnitrosamine (DENA) and promoted by phenobarbital 
(PB). LeBoeuf et al. showed that selenium enhanced foci 
formation and increased nodule volume in the DENA-PB 
model in female rats [89]. In the last decade 
Thirunavukkarasu et al. highlighted the chemopreventive 
properties of selenium in the DENA-initiated and PB-
promoted HCC rodent model and the related biochemical 
mechanisms implicated in the selenium-mediated 
chemoprevention in the DENA-PB model [93-103]. 
Particularly in the DENA-initiated and PB-promoted model, 
sodium selenite supplementation significantly suppressed 
HCC, elevating several key enzymes of the citric acid cycle, 
such as malate dehydrogenase [93]. Moreover, sodium 
selenite supplementation produced also antioxidant effects as 
evidenced: i) by decreasing the markers of oxidative stress, 
i.e. thiobarbituric acid reactive substance, ii) by increasing 
levels of antioxidant enzymes such as superoxide dismutase 
(SOD) and catalase (CAT) and iii) by decreasing enzymes 
such as glutathione transferase (GST) [94, 95, 97]. The same 
Authors showed that sodium selenite decreased elevated 
levels of liver enzymes such as AST, ALT and LDH as well 
as of glycoproteins such as globulin and hexosamine [98, 
99]. Moreover they investigated also the biochemical effects 
of selenium in the DENA-PB model. In particular, selenium 
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elevated several enzymes of the ATPase and caused 
significant alterations to serum mineral levels [96, 100], 
produced a significant increase in levels of vitamins C and E 
in the DENA-PB HCC model [101], decreased polyamine 

levels in the rodent DENA-PB model [102] and enhanced 
significantly the DNA strand breaks in the DENA-PB rat 
liver carcinogenesis while increasing the GPx activity [103].  

Table 2. In Vivo Studies of Selenium in HCC Models 

HCC Models  References Mechanisms of action 

Genetic Models [78] tumor formation 

 [79] apoptosis, cell proliferation 

 [80] Regulation expression of genes involved in inflammation and oxidative stress 

Xenograft Models [81] Se concentration 

Chemical Models 

Azo dye (3’-MeDAB) [82] tumor formation 

 [83] tumor formation 

2-AAF [89] �focal volume 

 [90] �GST, �UDP-GT 

 [90] �GST, �GPx, CAT,SOD 

AFB1 [84] �GGT positive foci 

 [85] Inhibition of AFB1-induced initiation and promotion 

 [86] �8-OHdG 

 [87] �serum GGT, �AFP,�AFB1-DNA adduct,�8-OHdG 

AOM [88] �foci,�nodule 

ciprofibrate [91] GPx, glutathione 

BOP [92] �ALT, �AST, GST,apoptosis, caspase-3 

DENA [89] nodule volume, foci 

 [93] ICDH, SDH, MDH 

 [94] �TBARS, CAT, SOD 

 [95] �GST, �UDP-GT,GGT, G6PD, AHH 

 [97] �TBARS,CAT,SOD 

 [98] �LDH, �ALT, �AST 

 [99] �globulin, �hexose,�hexosamine, �sialic acid 

 [96] Na+/K+-ATPase,Mg2+-ATPase, Ca2+-ATPase 

 [100] �K+,�Ca2+, �Fe2+, Na+ 

 [101] vitamin C, vitamin E,protein thiol 

 [102] �AFP, �histamine,�putrescine,�spermicidine,�spermine 

 [103]  GPx 

 [104] �cell proliferation,�TRxR 

 [105] � GPx 

 [106] glucose, �insulin,�IGF-II �glucagon 

  [107] �VEGF, �IGF-II, �NO,TNF-�
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 In 2005 Björkhem-Bergman et al. investigated the 
chemopreventive effects of selenium supplementation in the 
initiation, promotion and progression phases of a 
synchronized rat model of HCC initiated by DENA and 
promoted by 2-AAF. In this study, although selenium during 
the initiation phase did not exhibit preventive effects, it 
reduced preneoplastic nodule volume during the promotional 
phase [104], inhibited cell proliferation and reduced TRxR 
levels in liver nodules. In the DENA-initiated and 
polychlorobiphenyl-promoted HCC in rodents selenium 
supplementation inducted a decrease in GPx as well as 
chemoprevention effect [105].  

 Recently Liu et al. [106] have investigated the effects of 
pretreatment by selenium enriched malt (SEM) in DENA-
induced nodule formation in rodents. Selenium decreased 
several liver enzymes such as AST, ALT and gamma-
glutamyltranspeptidase and reduced hypoglycemia as 
evidenced by an increase in glucose levels and by a 
complementary decrease in insulin. In an extension of this 
study, Liu et al. [107] showed that SEM inhibited the 
angiogenesis during DENA-initiated carcinoma by down-
regulation of nitric oxide, VEGF expression and of several 
angiogenic cytokines, namely tumor necrosis factor-�.

POTENTIAL CHALLENGES INVOLVED IN THE 
ADVANCE OF SELENIUM USE IN THE 
PREVENTION AND TREATMENT OF HCC 

 It is evident from the studies presented that selenium 
holds great promise as a potential agent for HCC 
chemoprevention and treatment. The potential effectiveness 
of this agent is evident from both in vitro as well as in vivo
studies reviewed here. However, both considerable amounts 
of work and significant efforts are required before this 
element finds clinical usefulness in HCC treatment. 
Although all the studies reviewed in this paper provide 
substantial evidence for its chemopreventive and therapeutic 
potential against HCC, in scientific literature exists 
considerable caveats. In fact, the selenium effect both in 
various signaling pathways implicated in inflammation and 
in the hepatocarcinogenesis stages need to be elucidated in 
greater detail. In regard to preclinical studies, a critical need 
exists to systematically examine the chemopreventive as 
well as therapeutic effects of selenium in human HCC. This 
aim can be achieved through well designed clinical trials in 
geographical regions which show high-risk population 
cohorts and a greater incidence of HCC. Also long-term 
epidemiological studies would be useful to assess the 
correlation between selenium intake and the occurrence of 
human HCC. 
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ABBREVIATIONS  

2-AAF = 2-acetylaminoflurene 
AFB1 = aflatoxin B1 
AFP = alpha-fetoprotein 
AHH = aryl hydrocarbon hydroxylase 

ALB = albumin 
ALT = alanine transaminase 
AOM = azoxymethane 
AST = aspartate transaminase 
BOP = N-nitrosobis (2-oxopropyl)amine 
CAT = catalase 
DENA = diethylnitrosoamine 
DIOs = iodothyronine deiodinases 
GGT = gamma-glutamyltranspeptidase 
G6PD = glucose-6-phosphate dehydrogenase 
GPx = glutathione peroxidase 
GSH = glutathione 
GST = glutathione transferase 
HCV = Hepatitis C virus 
HCC = Hepatocellular carcinoma 
ICDH = isocitrate dehydrogenase 
IGF-II = insulin-like growth factor-II 
LDH = lactate dehydrogenase 
MDA = malondialdehyde 
MDH = malate dehydrogenase 
3’-MeDAB = 3’-methyl-4-dimethylaminoazobenzene 
NO = nitric oxide 
PB = phenobarbital 
PCB = polychlorobiphenyl 
p.p.m. = parts per million 
RDA = Dietary Reference Allowances 
ROS = reactive oxygen species 
SDH = succinate dehydrogenase 
Sec = selenocysteine 
SELENBP1 = Selenium-binding protein 1 
SOD = superoxide dismutase 
TBARS = thiobarbituric acid reactive substance 
TBIL = total bilirubin 
TRxR = thioredoxin reductases 
TNF-� = tumor necrosis factor-alpha 
UDP-GT = UDP-glucuronyl trasnferase 
UL = upper intake level 
US = United States 
VEGF = vascular endothelial growth factor 
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